The development of transverse velocity profile is directly related to the develonment of secondary vorticity. In the internal aerodynamics case with potential external flow, although vorticity remains confined inside the viscous shear layer, secondary vorticity induced velocities exist outside of it.
If the secondary vorticity field is known, the induced secondary velocity field is well approximated following Hawthorne's classical analysis. In the present work, the above analysis is used to senarate the velocity field in the transverse plane into a potential and a rotational part. In the case of confined flows, the rotational Dart is confined inside the viscous shear layer, while the potential Dart occupies the whole flow field. This last part is the consequence of the"disnlacement" effects of the shear layer in the transverse plane.
Therefore, the present work allows a reexamination of the flow two-zone model(senaration of the flow field in a viscous and an inviscid Dart) in confined flows.
On the other hand, the limitations of Hawthorne's theory are examined, while a marallel analysis is presented for the case where the secondary vorticity distribution varies not only along the blade height, but also circumferentially.
NOMENCLATURE b
Fourier 
INTRODUCTION
The adoption of the two-zone model results to several attractive simplifications. The most important is that the elliptic hyperbolic or mixed nature of the flow is considered only by the inviscid part of the solution. The viscous flow equations are generally parabolic or, at the most, hyperbolic.
Work related with the application of the two-zone model in the internal flow problems case, has been done in the secondary flow field (see, (1) and (2)). There, however, only circonferentially mean averaged quantities are considered. More complicated cases, where the flow is not only fully threedimensional but, also the external flow field is rotational, have been studied as well (see refs (3) to (10) ).
In that work, the following postulate is put forth, which describes the rules for dividing a flow field into a viscous and an inviscid Dart:
Copyright © 1984 by ASME "We can decompose a flow region into an inviscid part and various viscous Parts. The inviscid part, which may be rotational, can be described by Euler's equations, coupled with boundary conditions, where the blockage effects due to the various viscous layers have been taken into account. Each viscous layer, marked by its origin, must be considered and calculated separately, along with the secondary vorticity that it itself creates. As reference for its calculation the external absolute or relative (according to the situation) velocity vector must be considered".
Several aspects of this postulate have been examined in the above cited references. In the present work we shall examin one more: How the external flow reacts to the blockage effects of the transverse velocity profile. Some confusion exists, in our opinion, and we shall try to dissipate it.
In order to develop our arguments we have used primarily Hawthorne's analysis (11) This analysis, as well as the present one, is valid for incompressible flows only.
HAWTHORNE'S WORK AND THE ANALYSIS IN THE TRANSVERSE PLANE
Work on secondary flow calculations made apparent (see refs (11) (12) ) that the secondary vorticity field associated with the wall viscous shear layers, is directly related with a secondary velocity field, which, in the general case, occupies the whole field.
An approximate calculation of this field is performed in several cases using Hawthorne's analysis. We have chosen the simple cascade case in order to demonstrate our ideas. The corresponding analysis is Presented in Appendix A, where a further study can be found, taking into consideration existing tangential variations in the secondary vorticity field.
From the analysis _Presented in Appendix A, we obtain: a)
The tangentially mean velocity component w is zero, whether the secondary vorticity is tangentially uniforme of not. b)
The integral of the tangentially mean velocity component v from one lateral wall to the other, is zero. h _
This could be also expected, since the continuity equation is satisfied by the total velocity field existing in the transverse plane.
Figures (1) and (2) Present the velocity field for a tangentially uniform, as well as a non uniform secondary vorticity field respectively, with the same distribution of the tangentially mean value of the vorticity. According to this analysis, it can be observed that the tangentially mean secondary velocity component v takes non zero values outside of the space occupied by the shear layer. It can, also, be observed that the two tangentially mean v velocity profiles are almost the same for the uniform and nonuniform tangentially secondary vorticity distributions s (x,y)= E o s (x)(1 -(y/6) 2 ) for y<d;
In the case where all walls are displaced to infinity, one would expect to obtain Johnston's 113 solution for the external part of the transverse velocity profile (a straight line in(u/u , v/u )-coordinates). However, calculation s bases on Hawthorne's approach, demonstrated that this was not true. This can be seen from equation (19), where the second term on the right hand side doesn't tend to zero, when h tends to infinity.
It is clear that the first term on the right hand side of eq. (19) 
THE BLOCKAGE EFFECT IN THE TRANSVERSE PLANE
"Blockage effects" can be easily displayed in the two-dimensional internal flow case. Fig.(4a) presents schematically these effects and the corresponding flow field analysis. In the same figure, the currently acceptable flow field decomposition into an inviscid and a viscous part, can be shown. Note that this decomposition preserves the real flow static pressure field. If the profile (a)(external flow field profile, not including the blockage effects) were used as a basis for this decomposition, then it can be easily seen that the corresponding viscous flow field posesses a zero displacement thickness.
Fiq.4a Schematic representation of the blockage effects.
Usually the flow field is decomposed into an external profile (c) and a viscous flow field (the difference of profiles (c) and (b)). Profile (a) corresponds to an external flow field solution, without blockage effects. Consider, now, a two-dimentional boundary layer profile (Fig.(4b) station (A)) in a deviating external flow. At station(B), further downstream, a transverse velocity profile appears, associated with the development of secondary vorticity. Actually, a part of the mass flow rate, following the direction of the external flow, has now taken a direction normal to it. In internal aerodynamics, a reaction is expected by the external velocity field which "feels" the corresponding (negative) blockage effects. This situation is examined below. Fig.(4c) describes schematically the flow in the transverse plane, using identical definitions of the profiles, as in Fig.(4a) . Consequently profile (a), corresponding to the external flow without blockage effects, is zero.
At this point, it )lust be noted that the formulation of our problem using Hawthorne's analysis, allowed only the calculation of the total velocity field in this plane. This follows as a consequence of the fault that the velocity field has to satisfy the continuity equation, so that the global mass flow rate remains zero. For the same reasons T -, dx. 0
In addition, it must be observed that when the viscous part of the flow is represented only by its external part the magnitude of 6N is always equal to zero (the corresponding external aerodynamics equivalent is only the outer straight line of Johnston's (13) triangular representation, extending to the solid wall). The above discussion shows that in order to be consistent with the decomnosition of the flow, accented for the longitudinal direction, the reaction of the external flow field to the blockage effects has to be calculated in the transverse plane (orofile(c), Fig.(1) ). This procedure is described below. Considering Fig.(1) we can separate the flow field into a rotational part, confirmed inside the viscous layer, and an irrotational part, which covers the whole domain. The analysis can be done through the expression given by Hawthorne (eqs (17a and b) ). We may write: The above presented decomposition of the flow field in the transverse plane, constitutes a first approach, which defines an external flow velocity profile, requiring that the rotational part of the velocity field is confined inside of the shear flow region (distance b from the wall). 7) Presents calculation results for the same secondary vorticity distribution but varying h. We may remark, as it can be seen from expression (6) , that the variation in h doesn't influence the rotational velocity profile. On the contrary the potential velocity profile is tending to zero with increasing h as it ought to do. The deficiencies of Hawthorne's theory, as explained in the previous Paragraph, do not allow it to go actually to zero when h±=.
(A)Johnston's renres.
(B)First decomposition (C)Second decomposition
We could, of course, use other ways to separate the two fields (potential and rotational part).
We have actually tried another possibility, requiring only the v-component to be zero outside of the shear layer. Additionally, in order to have a unique representation, the solid walls were taken to be streamlines for both rotational and potential parts.
The calculation results are Presented for comparison with the results of the previous decomposition in Fig.(8) . In the same figure, Johnston's profile corresponding to the _pre-sent situation has been added.
We can note that the three representations give actually the same results. According to the postulate Presented in the Introduction, when the two-zone model is used consistently, the Potential velocity field in the transverse plane must be considered as part of the external flow, while the rotational velocity field as part of the viscous layer.
This brings considerable changes in the calculation methods of internal flow aerodynamics, which make use of the two-zone model for the calculation of the complete velocity field. The external flow is complicated by the added part, but the viscous flow is considera--bly simplified, as we come again to the external aerodynamics triangular formulation, for which the transverse velocity profile is also confined inside a distance & from the wall. 
CONCLUSIONS
Hawthorne's analysis was first examined in this work and certain remarks were made, concerning, essentially, its limitations and the properties of the transverse velocity profile Present in the cascade case.
Using this analysis, it was Possible to put into evidence the blockage effects of this nrofile as felt by the external flow.
The total transverse velocity field was separated into a potential and a rotational part, in the normal to the principal flow direction, inside the blade passage of a rectilinear cascade. The rotational part is attributed by definition to the secondary vorticity presence and the potential part to the reaction of the external flow to this Presence (blockage effects in the transverse direction). Various other aspects of this flow situation were examined and were found to support this statement. This analysis,of the flow field in the transverse direction, completes the two-zone model description used in many flow calculations in the transverse to the external flow direction, for the case of internal flow problems.
At the same time, this analysis modifies the analyses presented in refs (11)(12) and (7), indicating that the triangular Johnston's Profile is still valid for the internal flow case, but masked by the reaction of the external flow to the development of a secondary vorticity due to viscous effects. An immediate conclusion is that the viscous formulation in the case of internal flows, is greatly simplified, as the viscous effects are confined in a distance 5 from the wall. At the same time, if the two-zone model is to be applied consistently, the displacement effects in the transverse direction must be taken into account when the external flow is considered. This complicates somewhat the task of calculating the external flow for internal flow problems. Particularly, in turbomachinery applications, this aspect must be incorporated in the radial equilibrium considerations for the circumferentially mean flow quantities.
14 Hawthorne W.R.,"The Applicability of Secondary flow Analyses to the solution of internal flow problems" Fluid Mechanics of Internal flow, 1967.
APPENDIX A Brief Development of Hawthorne's Method
Hawthorne's analysis gives the associated to the secondary vorticity velocity field. Most of the work can be found in the refs cited in (11) . The problem may be posed in the following way: Given the secondary vorticity distribution inside a rectangle formed by the suction and pressure side walls and the two side walls of a cascade, the associate secondary velocity field is demanded (see fig. (9) , which describes schematically the problem). We shall present the expressions valid for a E -distribution varying as well in the x-direc ion, so that, Hawthorne's expressions (14) may be found as a particular case of this analysis.
We shall use, as Hawthorne did, a Fourier representation for the solution of this problem and we shall express d(x,y) and E in the following way:
The chosen expression of the stream function satisfies the existing boundary conditions. Introducing these expressions in equation (11), one gets for each Fourier component the following equation
a y 2 -(s n ) ) n (y)= _b(y) n=1,2,3,... where the intercharge in the definite intergrals was possible, because the integration limits for one variable do not depend on the other.
Note that equation (21) expresses that the total volume flow rate of v in a distance h is zero.
